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tions	 (0.10–1.78	mg	 N	 m–3 hr–1),	 varied	 asynchronously	 (SNAM	=	–0.03	 and	
SHeterocyte	=	–0.11)	 among	 basins,	 accounted	 for	 a	 median	 of	 3.5%	 (mean	
11.3%	±	21.6)	of	phytoplankton	demand,	and	were	correlated	to	the	abundance	of	
Nostocales	cyanobacteria	when	analysed	using	generalised	additive	models.
4.	 Overall,	 the	 total	mass	of	 fixed	N	accounted	 for	 a	median	of	only	3.0%	of	 the	
spring	standing	stock	of	total	dissolved	N	in	study	lakes	(mean	7.5	±	12.1%),	with	
higher	 relative	 importance	 of	 fixed	 N	 in	 highly	 productive	 downstream	 lakes.	
Thus,	while	fixed	N	helps	sustain	primary	productivity,	particularly	in	years	with	
high	rates	of	N2-fixation,	 it	does	not	appear	 to	eliminate	N	 limitation	of	phyto-
plankton	growth	in	these	P-rich	hardwater	lakes.
K E Y W O R D S
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1  | INTRODUC TION
Crop	 agriculture,	 intensive	 livestock	 production,	 urbanisation	
and	 fossil	 fuel	 production	 have	 combined	 to	 triple	 the	 amount	 of	
phosphorus	 (P)	 released	 from	 terrestrial	 ecosystems	 (Bennett,	
Carpenter,	&	Caraco,	2001;	Carpenter	et	al.,	1998)	and	the	amount	
of	 biologically-	available	 nitrogen	 (N)	 entering	 the	 biosphere	
(Bodirsky	et	al.,	2014;	Fowler	et	al.,	2013;	Vitousek,	Menge,	Reed,	
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&	Cleveland,	 2013).	 Export	 of	N	 and	 P	 to	 aquatic	 ecosystems	 in-




structure	 (Carpenter	 et	al.,	 2001),	 and	 enhanced	 atmospheric	 ex-
change	 of	 greenhouse	 gases	 (Pacheco,	 Roland,	&	Downing,	 2014;	
Schindler,	Carpenter,	Cole,	Kitchell,	&	Pace,	1997).	Current	manage-
ment	 strategies	 have	 not	 controlled	 eutrophication	 in	 all	 ecosys-
tems	(McCrackin,	Jones,	Jones,	&	Moreno-	Mateos,	2016),	possibly	
reflecting	 uncertainty	 over	 the	 need	 to	 regulate	 P	 supply	 alone	




To	 date,	management	 strategies	 for	 eutrophied	 lakes	 have	 fo-
cused	 on	 reduction	 of	 P	 influx	 for	 multiple	 reasons	 (Carpenter	
et	al.,	 1998;	Schindler	et	al.,	 2008,	2016).	First,	 algal	 abundance	 is	
correlated	best	 to	P	concentration	 (Dillon	&	Rigler,	1974).	Second,	
chlorophyll-	a	 (Chl-	a)	 concentrations	 increase	 ca.	 10-	fold	 following	















Moss,	 Jeppesen,	 Søndergaard,	 Lauridsen,	 &	 Liu,	 2013).	 Where	 N	
limitation	is	severe,	more	direct	evidence	is	needed	to	demonstrate	















reactive	phosphorus	 (SRP)	 is	 freely	available	 (>50	μg/L)	during	and	
after	intense	blooms	of	diazotrophic	cyanobacteria	(Lathrop,	2007;	
McGowan,	 Leavitt,	&	Hall,	 2005),	 suggesting	 that	P	 limitation	has	
not	been	re-	established	(Scott	&	Grantz,	2013).	Third,	N2	fixation	is	
energetically	demanding	(Flores	&	Herrero,	2005;	Herrero,	Stavans,	




&	Howarth,	 1988;	Marino,	Howarth,	Chan,	Cole,	&	 Likens,	 2003).	
Fifth,	 fixed	 N	 is	 readily	 released	 from	 diazotrophic	 cyanobacteria	
(Glibert	&	Bronk,	1994;	Patoine	et	al.,	2006)	and	can	be	transformed	
and	 returned	 to	 the	 atmosphere	 via	 microbial	 denitrification	 be-
fore	uptake	by	other	phytoplankton,	particularly	in	eutrophic	lakes	
(Bruesewitz,	Hamilton,	&	Schipper,	2011;	David,	Wall,	Royer,	&	Tank,	
2006;	 Seitzinger	 et	al.,	 2006).	 These	diverse	observations,	 in	 con-
junction	with	the	observation	that	lakes	differ	by	up	to	100-	fold	in	
the	availability	of	water-	column	P	(Harke	et	al.,	2016;	Patoine	et	al.,	
2006),	prohibit	generalisation	about	 the	 importance	of	 fixed	N2 in 
sustaining	lake	production	and	P	limitation.
In	 this	 study,	 we	 used	 two	 decades	 of	 biweekly	 experiments	
and	monitoring	data	 from	 seven	 lakes	 to	 quantify	 the	 importance	
of	fixed	N	to	satisfy	the	biological	demand	of	phytoplankton	in	eu-
trophic	hardwater	lakes	characteristic	of	the	northern	Great	Plains	
and	other	continental	 interiors	 (Finlay	et	al.,	2015).	 In	addition,	we	
sought	 to	 identify	 the	 environmental	 conditions	 associated	 with	
elevated	N2	fixation	and	importance	to	phytoplankton.	Study	sites	
span	a	gradient	from	mesotrophic	to	hyper-	eutrophic	lakes	that	vary	
in	 the	 degree	 of	N	 and	 P	 deficit	 (Finlay,	 Patoine,	Donald,	 Bogard,	
&	Leavitt,	2010;	Hall,	Leavitt,	Quinlan,	Dixit,	&	Smol,	1999),	N2	fix-
ation	 (Patoine	 et	al.,	 2006),	 N	 and	 P	 availability	 (Bogard,	 Donald,	





elevated	production	 and	growth	demand	 (i.e.	 that	 production	 and	
fixation	would	vary	synchronously;	Scott,	Stanley,	Doyle,	Forbes,	&	
Brooks,	 2009).	 Finally,	we	 anticipated	 that	 there	would	 be	 strong	
longitudinal	 gradients	 of	N2	 fixation	 and	 demand,	 as	 downstream	










and	 are	 part	 of	 the	 Qu’Appelle	 Long-	term	 Ecological	 Research	
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network	 (QU-	LTER)	 as	 described	 by	 Vogt,	 Rusak,	 Patoine,	 and	
Leavitt	 (2011),	Vogt	et	al.	 (2018).	The	Qu’Appelle	River	flows	east-
ward	 from	headwaters	 near	 Lake	Diefenbaker	 through	 a	 series	of	
six	productive	lakes	(including	Buffalo	Pound,	Pasqua,	Katepwa	and	
Crooked)	to	its	confluence	with	the	Assiniboine	River	in	Manitoba.	
Wascana	 Lake	 and	 Last	Mountain	 Lake	 drain	 into	 the	Qu’Appelle	
River	mid-	reach	near	the	city	of	Regina.	Nitrogen-	rich	urban	efflu-




Jaw	 and	 Regina,	 and	 surface	 waters	 (8%;	 Finlay	 et	al.,	 2015;	 Hall	
et	al.,	 1999).	 The	 effective	 drainage	 area	 of	 each	 lake,	 defined	 as	



















east	 to	 the	Manitoba	 border.	 Diverse	N2-	fixing	 and	 non-	N2-	fixing	
cyanobacteria	are	common	 in	all	of	 the	 lakes	 (e.g.	Aphanizomenon,	










Water	 Security	 Agency	 Water	 Resources	 Management	 Model.	
















USA).	 Depth-	integrated	 water	 samples	 were	 collected	 by	 pooling	
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samples	from	a	2.2-	L	Van	Dorn	water	bottle	deployed	at	0.5-	m	in-







phytoplankton	 pigments,	 and	 stable	N	 isotopes	 were	 filtered	
onto	Whatman	GF/C	glass	 fibre	 filters	 (nominal	pore	 size	1.2-	μm),	
wrapped	 in	 aluminum	 foil,	 placed	 in	 a	 dark	 film	 canister	 and	 fro-





Leavitt,	 Wissel,	 and	 Prairie	 (2009).	 Briefly,	 triplicate	 samples	 of	
243-	μm	 screened,	 depth-	integrated	 lake	 water	 were	 incubated	 in	
a	 growth	 chamber	 in	 either	 transparent	or	darkened	250-	ml	 glass	







Phytoplankton	 communities	 were	 enumerated	 to	 species,	 and	
heterocyte	 abundance	 was	 quantified	 by	 Dr	 Ann	 St.	 Amand	 at	
PhycoTech,	Inc.	(St	Joseph,	MI,	USA).	Briefly,	an	Olympus	BHT/BMX	
light	microscope	was	used	to	identify,	enumerate	and	measure	the	
linear	 dimensions	 of	 individual	 cells	 or	 colonies	 and	 heterocytes	
of	 each	 species	 using	 the	 Utermöhl	 technique	 (Utermöhl,	 1958).	
Heterocyte	 enumeration	was	 restricted	 to	 samples	 collected	over	
7	years	from	Crooked	and	Katepwa	 lakes,	 the	two	basins	with	the	
highest	 rates	 of	 N2	 fixation	 in	 preliminary	 studies	 (Patoine	 et	al.,	
2006).
Chlorophyll-	a	samples	were	analysed	using	standard		trichromatic	
spectrophotometric	methods	 (Rice	 et	al.,	 2012).	 Briefly,	Chl-	a	was	
extracted	 from	 the	 filters	 with	 80%	 acetone:	 20%	 methanol	 and	
the	wavelength-	specific	absorbance	was	quantified	using	a	Hewlett	
Packard	model	8452A	photo-	diode	array	spectrophotometer	(1996–
2004)	 or	 an	 Agilent	 model	 8453	 UV-	Visible	 spectrophotometer	
(2005–2014).	 Chlorophyll-	a,	 carotenoid,	 and	 derivative	 pigments	
from	 phytoplankton	 were	 quantified	 using	 the	 standard	 high-	
performance	 liquid	 chromatography	 (HPLC)	 techniques	 of	 Leavitt	
and	 Hodgson	 (2001).	 Pigments	 were	 extracted	 from	 filters	 with	
extraction	 solvent	 before	 completely	 drying	 under	 N2	 gas.	 Dried	
pigments	 were	 stored	 under	 an	 inert	 N2	 atmosphere	 then	 redis-
solved	into	an	injection	solution	before	introduction	into	the	HPLC.	
Concentrations	 of	 biomarker	 pigments	 (nmoles	 pigment/L)	 were	
estimated	 for	 compounds	 characteristic	 of	 total	 algal	 abundance	
(Chl-	a,	 pheophytin	 a,	 β-	carotene),	 chlorophytes	 and	 cyanobacte-
ria	 (lutein-	zeaxanthin),	 total	 cyanobacteria	 (echinenone),	 colonial	
cyanobacteria	 (myxoxanthophyll),	 and	 Nostocales	 cyanobacteria	
(canthaxanthin;	 Leavitt	 &	 Hodgson,	 2001).	 In	 this	 HPLC	 system,	
structural	 isomers	 from	 chlorophytes	 (lutein)	 and	 cyanobacteria	
(zeaxanthin)	were	not	separated	and	were	instead	used	to	estimate	
abundance	of	summer	bloom-forming	taxa	(Hall	et	al.,	1999;	Leavitt	
TA B L E  1   Table	of	lake	characteristics
Diefenbaker Buffalo Pound Last Mountain Wascana Pasqua Katepwa Crooked
Longitude	(°W) 106.6 105.5 105.2 104.6 104.0 103.7 102.7
Mean	depth	(m) 33.0 3.0 7.9 1.5 6.0 14.3 7.9
Lake	area	(km2) 500 29 227 0.5 20 16 15
Residence	time	
(per	year)
1.3 0.7 12.6 0.02 0.7 1.3 0.5
Secchi	(m) 3.4	±	0.6 1.2	±	0.6 2.0	±	0.2 0.8	±	0.2 1.3	±	0.3 1.6	±	0.4 1.4	±	0.2
Chl-	a	(μg/L) 5.8	±	3.4 32.7	±	13.1 17.7	±	4.8 40.0	±	16.8 33.2	±	10.3 28.6	±	7.5 30.8	±	15.3
Chl-	asurface: 
Chl-	a integrated
0.78	±	0.90 1.09	±	0.32 1.23	±	0.47 1.08	±	0.36 1.34	±	0.27 1.53	±	0.54 1.40	±	0.45
TDN	(μg/L) 431.4	±	152.1 532.7	±	107.6 996.8	±	100.8 1492.9	±	317.3 1561.2	±	495.8 1190.1	±	268.4 987.0	±	191.2
DIN	(μg/L) 219.9	±	151.8 134.1	±	202.1 122.7	±	168.5 309.0	±	393.8 780.7	±	434.9 385.5	±	333.3 188.7	±	232.8
SRP	(μg/L) 14.9	±	23.7 40.8	±	67.6 31.8	±	26.0 284.8	±	172.8 139.6	±	86.3 139.3	±	77.0 132.4	±	133.1
TDP	(μg/L) 15.6	±	30.3 29.9	±	22.6 45.8	±	51.6 366.9	±	278.1 165.8	±	105.9 166.9	±	73.2 143.7	±	94.4
Dissolved	N:P	
(mass)
29.0 13.1 31.4 5.2 11.2 8.5 7.5
Parameters	include	mean	(±	standard	deviation)	of	samples	collected	biweekly	to	estimate	Secchi	depth,	total	chlorophyll-	a	(Chl-	a),	ratio	of	surface	to	
depth-	integrated	Chl-	a	 (Chl-	asurface:	Chl-	aintegrated),	 total	 dissolved	nitrogen	 (TDN),	 dissolved	 inorganic	 nitrogen	 (DIN),	 soluble	 reactive	 phosphorus	
(SRP),	and	total	dissolved	phosphorus	(TDP)	for	the	sampled	years.	See	Section	2	for	details.	Lakes	are	ordered	from	west	to	east	in	the	table.
















QU-	LTER	 protocols	 at	 the	 Biogeochemical	 Analytical	 Service	
Laboratory,	 University	 of	 Alberta,	 Edmonton,	 Alberta,	 Canada	







cludes	organic	 and	 inorganic	 fractions	of	 dissolved	nitrogen	 (all	
mg	N/L)	using	standard	analytical	procedures	(Stainton,	Capel,	&	
Armstrong,	1977).




of	 phytoplankton	 C:N	 ratios	 from	 POM	 samples	 (Finlay,	 Leavitt,	
et	al.,	2010;	Patoine	et	al.,	2006).	This	approach	assumed	that:	there	




2004);	 and	POM	was	 composed	mainly	of	phytoplankton	 (Donald	
et	al.,	2013).	Microbial	 respiration	 (R)	was	estimated	as	the	rate	of	
decline	 in	oxygen	 in	 the	dark	bottle,	whereas	net	primary	produc-
tivity	(NPP)	was	estimated	from	increased	oxygen	concentrations	in	
light	 bottles,	 and	 gross	 primary	 productivity	 (GPP)	was	 calculated	
as	 the	 sum	of	NPP	and	R	 (all	 as	mg	O	m–3 hr–1).	We	assumed	 that	




ing	 a	 photosynthetic	 quotient	 of	 1.24	 (Sala	 et	al.,	 2000).	Nitrogen	
demand	 (mg	N	m–3 hr–1)	was	estimated	by	multiplying	GPP	by	 the	
C:N	of	POM,	assuming	that	phytoplankton	maintained	their	cellular	
N	 quota	 at	 the	 observed	C:N	 ratios.	We	used	GPP	 to	 estimate	N	





polymictic	 lakes	 were	 determined	 from	 biweekly	 estimates	 of	
lake	transparency,	day	length,	and	gross	planktonic	productivity	
described	above	(Finlay,	Leavitt,	et	al.,	2010;	Finlay	et	al.,	2009).	
Estimates	 of	whole-	lake	 planktonic	N	 demand	were	 calculated	
by	 multiplying	 lab-	based	 rates	 of	 N	 demand	 with	 the	 fraction	
of	 the	 day	 spent	 in	 the	 euphotic	 zone,	 defined	 as	 the	 ratio	 of	
the	euphotic	volume	(as	Secchi	depth)	to	total	 lake	volume.	We	
assumed	 that	 our	 summer-	long	whole-	lake	 estimates	of	 phyto-
plankton	productivity	captured	a	high	proportion	of	spatial	and	
temporal	 variation	 in	 GPP	 attributable	 to	 changes	 in	 light	 re-




ton	 fluxes	 (MacIntyre,	 Kana,	 Anning,	 &	 Geider,	 2002).	 Further	
discussion	of	these	assumptions,	and	their	comparison	to	other	
methods	 of	 estimating	 lake	 production,	 is	 presented	 in	 Finlay,	
Leavitt,	et	al.	(2010)	and	Finlay	et	al.	(2009).
Two	approaches	were	used	to	estimate	rates	of	nitrogen	fixation:	
we	 compare	 the	 more	 commonly	 used	 heterocyte-	based	 method	
(Findlay	 et	al.,	 1994)	 to	 demonstrate	 the	 accuracy	 of	 our	 isotope-	
based	method	(Patoine	et	al.,	2006).	First,	we	used	two	forms	of	the	
natural	 abundance	method	 (NAM)	 developed	 for	 both	 freshwater	
ecosystems	 (Patoine	 et	al.,	 2006)	 and	 oceanographic	 studies	 (Karl	








and	 is	 referred	 to	 as	 net	N2	 fixation	hereafter.	Because	over	75%	
of	 total	 annual	 inflow	occurs	 some	4–7	weeks	prior	 to	monitoring	
(Pham	et	al.,	2009),	we	assumed	that	 in	each	year	most	allochtho-
nous	N	had	already	entered	the	 lake	by	the	start	of	our	estimates	
of	 N	 fixation	 or	 demand	 (Patoine	 et	al.,	 2006;	 Pham	 et	al.,	 2009)	




of	 POM	 following	 Patoine	 et	al.	 (2006).	 In	 addition,	 we	 compared	
these	results	 to	a	second	NAM	method	that	modelled	the	 influx	of	
fixed	N	into	the	TDN	pool	by	measuring	changes	in	δ15N	of	solutes	
isolated	 from	whole	 water	 by	 freeze-	drying	 aliquots	 of	 water	 that	
had	been	 filtered	 through	GFC	 (1.2-	μm	pore)	and	membrane	 filters	
(0.45-	μm	 pore)	 as	 described	 in	 the	 Supporting	 Text.	 Unless	 noted,	
the	N2-	fixation	values	presented	 in	text	are	the	result	of	the	POM-	
based	calculations.	Although	we	modelled	the	summer	period	when	
river	 inflow	was	 a	 small	 part	 of	 the	 hydrological	 budget	 (Dröscher,	









we	assumed	 that	 the	δ15N	value	of	 the	 final	 (δt+1
15N)	 is	 the	mass-	
weighted	 average	 of	 δt
15N,	 the	 initial	 mass	 of	 POM-	N	 (or	 TDN),	
and	the	 isotopic	value	of	N2-	fixing	cyanobacteria	 (δfix:	0‰;	Zhang,	
Sigman,	Morel,	&	Kraepiel,	2014):	
where Mt and Mfix	 represent	 the	 standing	 stock	 mass	 of	 POM-	N	










Mean	 summer	 rates	 of	 retained	 fixed	 N	 accumulation	












cyanobacterial	 N2	 fixation	 under	 natural	 conditions	 (Supporting	
Information	 Table	 S1),	 and	were	 slightly	 higher	 than	 those	 used	
at	ELA	(Findlay	et	al.,	1994).	This	mean	(n	=	7)	heterocyte-	specific	
rate	 (8.845	×	10–17 g	N	heterocyte–1	s–1)	was	applied	 to	biweekly	
enumerations	 of	 heterocyte	 density	 in	 Crooked	 and	 Katepwa	





derived	 from	 the	 commonly	 used	 acetylene	 reduction	 protocol	
and newer 15N	 uptake	 techniques	 (Findlay	 et	al.,	 1994;	 Higgins	
et	al.,	2017).
Finally,	estimates	of	N2	fixation	from	both	NAM	and	heterocyte	
approaches	were	compared	 to	each	other	 and	 to	 literature	values	
to	assess	potential	bias.	In	this	case,	we	focused	on	estimates	of	N2 
fixation	in	eutrophic	systems	most	similar	to	lakes	of	the	Qu’Appelle	












seasonal	 climate	 indices	 (Pacific	 Decadal	 Oscillation,	 El	 Niño–









2017).	We	 chose	 to	model	 the	 data	 using	 a	GAM	because	 this	
approach	better	accounts	for	non-	linearity	in	modelled	relation-
ships	(as	well	as	non-	monotonic	relations),	while	also	allowing	us	





lake	 identity	 included	 as	 a	 random	 intercept.	 Explanatory	 vari-
ables	were	removed	from	the	model	via	shrinkage	based	on	re-
stricted	 maximum	 likelihood	 (REML)	 smoothness	 selection	 and	
the	 double-	penalty	 method	 (Marra	 &	Wood,	 2011).	 The	 analy-
sis	was	made	 robust	 to	 outliers	 by	 assuming	 that	 the	 response	
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synchronous	 but	 out	 of	 phase)	 through	 0	 (completely	 asynchro-
nous).	Comparison	of	S	values	among	a	diverse	set	of		environmental,	






3.1 | N demand and retained fixed N
Mean	summer	algal	N	demand	varied	by	two	orders	of	magnitude	
between	<0.1	 and	9.2	mg	N	m–3 hr–1	 over	117	 lake-	years	of	 study	
(Figure	2	and	Supporting	Information	Figure	S1).	On	average,	N	de-
mand	was	significantly	lower	in	the	mesotrophic	Lake	Diefenbaker	






was	 removed	 from	analysis	 (S	=	0.48).	 Pasqua	 Lake	 receives	 efflu-
ent	 from	 the	 city	 of	Regina	wastewater	 treatment	 plant	 and,	 as	 a	
result,	 receives	point	 source	N-	pollution	year-	round	 in	 addition	 to	
the	seasonal	flux	of	diffuse	N	that	all	 lakes	receive.	Synchrony	did	
not	arise	from	trends	in	N	demand,	as	only	Last	Mountain	exhibited	














Comparison	 of	 the	 N2	 fixation	 rates	 by	 POM	with	 estimates	
of	 N	 demand	 by	 pelagic	 primary	 producers	 revealed	 that	 fixed	




and	 N-	polluted	 Pasqua	 Lake	 (mean	=	1.1%).	 In	 contrast,	 fixed	 N	
contributed	between	15.0%	(Crooked)	and	36.3%	(Katepwa)	of	the	
total	planktonic	N	demand	in	downstream	eutrophic	lakes.	In	these	
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systems,	net	N2	 fixation	was	 recorded	 in	30	of	 the	42	 lake-	years	
while,	 in	 4	years,	 fixed	N	 appears	 to	 supply	 all	 of	 phytoplankton	
requirements	 (Katepwa	 Lake	 only).	 In	 the	 three	 remaining	 lakes	
(Buffalo	 Pound,	 Last	 Mountain,	 Wascana),	 fixed	 N	 represented	
an	 intermediate	 proportion	 of	 N	 demand	 (mean	=	4.9%–9.1%),	




there	was	 a	 significant	 increase	 in	 the	 importance	 of	 fixed	N	 to	
phytoplankton	nutrition	with	lake	longitude	(α	=	0.1),	with	a	greater	






significant	 relationship	 (r2	=	0.59,	p	=	0.07)	with	 landscape	position	
if	 Pasqua	 is	 excluded	 (Figure	4	 and	 Supporting	 Information	 Table	




Information	 Figure	 S3),	 only	 easternmost	 Crooked	 Lake	 exhibited	
a	progressive	decline	in	the	fraction	of	spring	N	attributable	to	re-
tained	fixed	N	(Supporting	Information	Table	S2).









3.3 | Comparison of isotopic- and heterocyte- based 





and	 Crooked	 basins	 (0.76	±	2.9	 heterocytes/L).	 Rates	 of	 gross	 N2 
fixation	based	on	enumerated	in	situ	heterocyte	density	and	physi-





based	 on	 changes	 in	 the	mass	 and	 isotopic	 composition	 of	whole	




















































Supply	 of	 fixed	 N	 to	 primary	 producers	 did	 not	 appear	 to	
re-	establish	 P	 limitation	 of	 the	 phytoplankton.	 For	 example,	
phytoplankton	biomass	was	correlated	positively	 (r	=	.42,	p	<	.001)	
with	 concentrations	 of	 SRP,	 indicating	 that	 primary	 producers	 did	
not	 deplete	 SRP	 pools	 in	 summer	 (Supporting	 Information	 Figure	
S5a).	Similarly,	the	degree	of	phytoplankton	growth	limitation	by	P	
in	bioassays	was	correlated	negatively	(r	=	–.32,	p	<	.001)	with	Chl-	
a	 concentrations	 (Supporting	 Information	 Figure	 S5b),	 with	 little	
evidence	 of	 strong	P	 limitation	 over	 a	wide	 range	of	Chl-	a	 values	





The	 role	 of	 fixed	N	 in	meeting	 phytoplankton	demand,	 alleviating	
seasonal	N	limitation	and	re-	establishing	P	limitation	in	lakes	is	con-
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of	fixed	N	varied	asynchronously	among	lakes	(S =	–0.03),	independ-
ent	of	regionally-	coherent	phytoplankton	demand	(S	=	0.41),	but	in	
proportion	 to	 changes	 in	 abundance	 of	Nostocales	 cyanobacteria	
(Figure	5),	as	seen	elsewhere	(Ferber	et	al.,	2004;	Hendzel,	Hecky,	&	
Findlay,	1994;	Howarth,	Marino,	Cole,	et	al.,	1988;	Scott	&	Grantz,	
2013;	 Smith,	 1983).	 Although	 rates	 of	 fixed	 N	 were	 comparable	
to	 gross	 N2	 fixation	 estimates	 recorded	 in	 other	 eutrophic	 lakes	
(Howarth,	Marino,	 Lane,	 &	Cole,	 1988;	 Vrede	 et	al.,	 2009),	 diazo-
trophic	N	supply	was	only	a	small	fraction	of	phytoplankton	demand,	
and	was	insufficient	to	deplete	water-	column	concentrations	of	SRP	
during	 summer	 blooms	 or	 initiate	 P	 limitation	 of	 phytoplankton	
growth	(Donald,	Bogard,	Finlay,	&	Leavitt,	2011;	Donald	et	al.,	2015;	
Finlay,	Patoine,	et	al.,	2010).
4.1 | Magnitude of N2 fixation by phytoplankton
Mean	estimates	of	fixed	N	accumulation	based	on	NAM	approaches	
(0.31	±	0.64	mg	N	m–3 hr–1)	were	similar	to	values	observed	for	gross	




approaches	conducted	recently	 in	Qu’Appelle	 lakes	 (0.04–4.45	mg	
N m–3 hr–1;	 L.	 Boyer	 and	 H.	 Baulch,	 University	 of	 Saskatchewan,	
unpublished	 data).	 NAM	 techniques	 integrate	 N	 transformations	







the	 acetylene	 reduction	 protocols,	 which	 is	 known	 to	 inhibit	 the	
action	 of	 nitrogenase	 (Fulweiler	 et	al.,	 2015).	 However,	 the	 close	














replete-	P	 lakes,	 alike	 (Bunting	 et	al.,	 2007;	 Deininger,	 Faithfull,	 &	
Bergström,	2017;	Leavitt	et	al.,	2006).	In	particular,	our	findings	sug-
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values	 (0‰	 to	–2‰)	when	 fixed	N2	 is	 the	main	 source	of	 cellular	
N,	but	not	when	other	sources	of	N	are	paramount.	Second,	water-	
column	 concentrations	 of	 dissolved	 P	 were	 not	 depleted	 despite	
accumulation	of	fixed	N	in	the	phytoplankton	(Table	1,	Supporting	
Information	 Figure	 S5).	 Instead,	 SRP	 concentrations	 remained	
elevated	 throughout	 July	 and	 August	 in	 all	 basins	 except	 Lake	
Diefenbaker,	 the	period	when	Chl-	a	 and	diazotrophic	cyanobacte-
ria	 are	 abundant	 (Donald	 et	al.,	 2011;	 Finlay,	 Patoine,	 et	al.,	 2010;	
Patoine	et	al.,	2006).	Third,	net	N	efflux	 (N	 losses	exceed	N2	 fixa-
tion)	 was	 common	 only	 in	 headwaters	 (Figure	3),	 consistent	 with	
the	 P-	limited	 status	 of	 upstream	 Diefenbaker	 and	 Buffalo	 Pound	
lakes	 (Abirhire	 et	al.,	 2015;	Quiñones-	Rivera,	 Finlay,	Vogt,	 Leavitt,	
&	Wissel,	2015;	Vogt	et	al.,	2018).	Finally,	the	absence	of	trends	in	
time	series	of	either	total	mass	of	 fixed	N	 (Figure	2)	or	proportion	
of	 phytoplankton	 demand	 (Figure	3)	 for	 most	 lakes	 (Supporting	
Information	 Table	 S2)	 suggests	 that	 over	 50	years	 of	 N2	 fixation	
(Hammer,	1971;	Patoine	et	al.,	2006)	has	been	 insufficient	 to	alter	
the	nutrient	status	of	these	lakes.
N2	 fixation	 alone	was	 sufficient	 to	 completely	meet	 total	 phy-
toplankton	 N	 demands	 in	 ca.	 20%	 of	 surveyed	 years	 in	 Katepwa	
Lake,	and	commonly	met	25%	of	requirements	in	eutrophic	Crooked	
Lake	 (Figures	2,	3).	However,	 in	most	other	 instances,	 including	all	
but	 4	years	 in	 hyper-	eutrophic	 Wascana	 Lake,	 N2	 fixation	 rarely	
exceeded	 5%	 of	 planktonic	 N	 demand,	 a	 value	 which	 was	 often	
statistically-	indistinguishable	 from	 zero	 (Supporting	 Information	
Figure	S7).	Given	the	role	of	Nostocales	cyanobacteria	in	the	predic-
tion	of	N2	fixation	(Figure	6	and	below),	we	infer	that	the	nutritional	





Paerl	 &	 Scott,	 2010),	 intense	 grazing	 by	 large-	bodied	 cladocerans	
(Elser	et	al.,	2000),	low	flushing	rates	(Elliott,	2010),	sufficient	micro-
nutrient	availability	 (Howarth,	Marino,	Lane,	&	Cole,	1988;	Marino	
et	al.,	 2003),	 elevated	 light	 regimes	 (Ferber	 et	al.,	 2004;	Mugidde	
et	al.,	 2003)	 and	 low	N:P	 ratios	 (Levine	 &	 Schindler,	 1999;	 Smith,	
1983).	In	general,	densities	of	colonial	cyanobacteria	in	Qu’Appelle	
lakes	 are	 correlated	 positively	 to	 surface	 water	 temperature	 and	
negatively	to	wind	speed	and	the	El	Niño–Southern	Oscillation	index	
(Vogt	 et	al.,	 2018),	 although	 the	 high	 proportion	 of	 unexplained	












from	 gaseous	 stable	 isotopes	 (Quiñones-	Rivera	 et	al.,	 2015),	 and	
Chl-	a	based	estimates	of	phytoplankton	standing	stock	(Finlay	et	al.,	













We	 infer	 that	 our	NAM	approach	does	 not	 underestimate	 the	
quantity	 of	 fixed	N	 for	 several	 reasons.	 First,	 our	POM-	based	 es-
timates	 of	 N2	 fixation	 were	 higher	 than	 those	 derived	 from	 het-
erocytes,	 even	 though	 the	 latter	 method	 is	 highly	 correlated	 to	
independent	estimates	with	both	acetylene	reduction	and	15N	up-
take	techniques	 (Findlay	et	al.,	1994;	Higgins	et	al.,	2017).	Second,	






ues	 very	 similar	 to	 those	 derived	 from	heterocyte	 determinations	
(Supporting	 Information	 Figure	 S4).	 Fourth,	 rate	 of	 hydrologic	 ex-

















toplankton,	 there	 was	 limited	 evidence	 that	 N2	 fixation	 allevi-
ated	N	 deficits	 or	 initiated	 P	 limitation	 of	 phytoplankton	 growth	
in	these	highly	P-	rich	ecosystems	at	catchment	or	decadal	scales.	
While	our	conclusions	may	not	apply	 to	oligotrophic	boreal	 lakes	
in	 undisturbed	 catchments,	 our	 conclusions	 should	 generalise	
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well	to	other	lakes	in	continental	 landscapes	with	similar	climatic,	
edaphic,	 and	 limnological	 characteristics—a	 region	 estimated	 to	
cover	>8	×	106	km2	 (Finlay	et	al.,	2015).	For	example,	Qu’Appelle	





gion	 of	 southern	 Saskatchewan.	 These	 basins	 have	 been	 shown	
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